Combined petrographic, structural and geochronological study of the Malashan dome, one of the North Himalayan gneiss domes, reveals that it is cored by a Miocene granite, the Malashan granite, that intruded into the Jurassic sedimentary rocks of Tethys Himalaya. Two other granites in the area are referred to as the Paiku and Cuobu granites. New zircon SHRIMP U-Pb and muscovite and biotite 40 Ar dating show that the Paiku granite was emplaced during 22.2-16.2 Ma (average 19.3 ± 3.9 Ma) and cooled rapidly to 350-400°C at around 15.9 Ma. Whole-rock granite chemistry suggests the original granitic magma may have formed by muscovite dehydration melting of a protolith chemically similar to the High Himalayan Crystalline Sequence. Abundant calcareous metasedimentary rocks and minor garnet-staurolite-biotite-muscovite ± andalusite schists record contact metamorphism by three granites that intruded intermittently into the Jurassic sediments between 18.5 and 15.3 Ma. Two stages of widespread penetrative ductile deformation, D1 and D2, can be defined. Microstructural studies of metapelites combined with geothermobarometry and pseudosection analyses yield P-T conditions of 4.8 ± 0.8 kbar at 550 ± 50°C during a non-deformational stage between D1 and D2, and 3.1-4.1 kbar at 530-575°C during syn-to post-D2. The pressure estimates for the syn-to post-D2 growth of andalusite suggest relatively shallow (depth of 15.2 km) extensional ductile deformation that took place within a shear zone of the South Tibetan Detachment System. Close temporal association between intrusion of the Malashan granite and onset of D2 suggests extension may have been triggered by the intrusion of the Malashan granite.
INTRODUCTION
The INDEPTH geophysical profile across southern Tibet revealed the presence of a mid-crustal lowvelocity zone interpreted as a partially molten crust that extends from 15 to 50 km depth (e.g. Chen et al., 1996; Makovsky et al., 1996; Nelson et al., 1996; Hauck et al., 1998; Alsdorf & Nelson, 1999) . The southern margin of the partially molten zone is located 15 km north of the North Himalayan gneiss domes (NHGD) (Alsdorf et al., 1998) , which form a discontinuous belt of medium-pressure/temperature (P/T) type metamorphic rocks cored by deformed granite or granitic gneiss that can be traced across the Tethys Himalaya at least from 78°Et o8 9°E (Hodges, 2000; Fig. 1a) . Farther to the south, migmatitic sequences and pelitic schists beneath them in the Greater Himalaya are interpreted as a fossilized partial-melt zone formed during the Himalayan orogeny with a metamorphic age of 32-12 Ma (e.g. Scha¨rer et al., 1986; Hodges et al., 1992 Hodges et al., , 1996 Edwards & Harrison, 1997; Searle et al., 1997; Harrison et al., 1999; Simpson et al., 2000) . Recently, several workers have proposed that the NHGD provide a window into a metamorphic core within the Tethys Himalaya that is the northward continuation of the Greater Himalaya and represents a previously hot, weak and partially molten middle crust beneath the Tibetan plateau (e.g. Hauck et al., 1998; Searle, 1999; Beaumont et al., 2001 Beaumont et al., , 2004 Lee et al., 2006) . However, the NHGD have several variations that hinder simple interpretation of their evolution history. One important difference among the NHGD is the origin of their core. The cores of the NHGD are generally considered to be Cambrian gneiss (Scha¨rer et al., 1986; Lee et al., 2000) . Schists and migmatites surrounding them, such as in Kangmar (Burg et al., 1984; Chen et al., 1990; Lee et al., 2000) , Mabja (Lee et al., 2004 Zhang et al., 2004; Lee & Whitehouse, 2007) and Kampa (Quigley et al., 2006) domes are commonly intruded by Tertiary granites. Locally, such Tertiary granite has been interpreted to form the core to NHGD as in the case of the Malashan dome (Aoya et al., 2005 (Aoya et al., , 2006 (Fig. 1a) . Based on the observation that Tertiary granites are commonly muscovite-rich two-mica granites and the Cambrian gneiss cores are commonly poorer in muscovite, Watts et al. (2005) mapped the distribution of Tertiary granites in the NHGD using ASTER images. Mapping of the domes east of the Tingri dome using ASTER imagery crosschecked by field observation (Fig. 1a) suggests a systematic westward increase in the ÔTertiary graniteÕ component within the domes (Watts et al., 2005) . Characterization and dating of the Malashan dome (Fig. 1a) , in particular the associated granites, is an important test of this proposed systematic change.
Another important difference among the NHGD is the depth of metamorphism and by implication the associated D2 extensional ductile deformational fabrics preserved in the metamorphic rocks surrounding the core. For example, pressure during the early stage of D2 deformation in Mabja dome is estimated at 8.0 kbar for kyanite-and staurolite-zone rocks, and at 7.9 kbar during the final stage of D2 deformation in sillimanite-zone rocks (Lee et al., 2004) . In contrast, we will show that in Malashan pressure conditions were significantly lower during D2 deformation.
Nevertheless, the Kangmar, Kampa, Mabja and Malashan domes share several characteristics (Lee et al., 2004; Aoya et al., 2005 Aoya et al., , 2006 Quigley et al., 2006) including: (i) presence of two major penetrative deformational fabrics, D1 and D2, recorded in metasedimentary rocks around the core of the dome with development of the higher strain D2 structural fabrics towards the core; (ii) development of a strong D2 foliation in the outermost parts of the gneissic or granitic cores; (iii) an approximately N-S-trending stretching lineation associated with high-strain D2 foliation; and (iv) D1 characterized by the development of a moderately to steeply dipping S1 foliation as a consequence of N-S shortening and vertical thickening. These similarities in the deformation history and kinematics of deformation imply that D1 and D2 have regional importance (Lee et al., 2004 although the age and the depth of deformation preserved may be different from dome to dome.
To understand the large-scale link between these domes, it is necessary to increase understanding of the age, geometry and kinematics of deformation of each individual dome. As a contribution to this, data are presented here that constrain the timing, depth and temperature conditions of the D2 extensional deformation in the Malashan dome. In particular, we report the pressure-temperature-deformation (P-T-D) relationships observed in the contact metamorphic rocks in the Malashan dome and the results of zircon U-Pb SHRIMP geochronological and muscovite and biotite 40 Ar thermochronological studies of the largest and previously undated, granite body within the Malashan area. The importance of the substantial fluid activity associated with the granite intrusions in thermally weakening the upper crust through numerous dyke formations during granite intrusion is also discussed.
GENERAL GEOLOGY
Three granite bodies surrounded by amphibolite facies metamorphic rocks are found in the Malashan region, southern Tibet (Burg et al., 1984; Aoya et al., 2005 Aoya et al., , 2006 ; Fig. 1 ) and the metamorphic/granitic complex as a whole is referred to as the ÔMalashan domeÕ. The Malashan and Cuobu (Figs 1b, & 2a, b) granites are compositionally similar two-mica granites (Aoya et al., 2005 (Aoya et al., , 2006 . However, the Malashan granite preserves a strong deformational fabric along its margin whereas the Cuobu granite only preserves a weak deformational fabric. The third granite, the Paiku leucogranite (Figs 1b & 2c, d) , exhibits deformational fabrics that are intermediate between those of the Malashan and Cuobu granites (Aoya et al., 2006) . Analysis of ASTER images (Chikaraishi et al., pers. comm., 2004) 1 shows that this leucogranite is continuous with a larger granite exposure on the eastern side of the Paiku Lake (Fig. 1a) . The sedimentary rocks hosting the granites are Jurassic in sedimentary age (Aoya et al., 2006) and, for the most part, weakly metamorphosed grey calcareous mudstone with locally intercalated metapelite. Overall, the metamorphic grade of the surrounding metasediments increases towards the granites. The highest grade pelitic rocks contain the assemblage garnet + staurolite + biotite + muscovite ± andalusite. Kyanite-or sillimanite-bearing metasedimentary rocks and migmatites reported from Kangmar, Kampa and Mabja domes (cf. Lee et al., 2000 Lee et al., , 2004 Lee et al., , 2006 Quigley et al., 2006) were not observed in the Malashan area.
Two major ductile deformation events, D1 and D2, are recognized in the metasedimentary rocks in Malashan dome and summarized below based on Aoya et al. (2006) . The dominant foliation, S2, developed in schist adjacent to the granites is broadly horizontal and is defined as the D2 foliation. S2 is most strongly developed in the region adjacent to the granites: strain CONTACT METAMORPHISM IN THE MALASHAN DOME, TIBET 3 associated with S2 decreases with distance from the granites. Among the three granite bodies, only the outermost part of the Malashan granite shares the well-developed S2 with the surrounding schists and is regarded as the core of the Malashan dome. The D2 stretching lineation (L2) trends N-S to NE-SW and is primarily defined by the alignment of iron oxide or hydroxide streaks associated with pyrite and locally developed pressure shadows of calcite around plagioclase grains in calcareous metasedimentary rocks. D2 is dominantly associated with top-to-the N shear sense indicators such as extensional cracks (or boudin necks) oblique to the foliation, vein sets representing asymmetric distribution of shortening and stretching quarters of bulk strain, asymmetry of lenses or clasts, rigid-body rotation of porphyroclastic plagioclase recognized by continuation of the internal S1 into external S2, oblique grain-shape fabrics of calcite grains and outcrop-scale shear bands. All these indicators are developed in calcareous metasedimentary rocks. An earlier deformation phase, D1, is defined by an S1 foliation folded by D2 folds and the D1 foliation is associated with a top-to-the S sense of shear.
Within the framework of the Himalayan orogeny, tectonic fabrics broadly dip north, and top-to-the S sense of shear have been correlated with a thrustrelated burial event and top-to-the N sense of shear have been correlated with STDS-related normal-sense exhumation (Aoya et al., 2005 (Aoya et al., , 2006 .
Chemically, the Cuobu and Malashan granites yield similar whole-rock compositions (Aoya et al., 2006) suggesting that these two granites were formed from similar protolith through similar processes. The intrusive relationship between the Cuobu granite and surrounding Jurassic metasedimentary rocks is documented by the presence of granitic dykes emanating from the main body (Aoya et al., 2006) . SHRIMP U-Pb dating of zircon indicated that the intrusion age of the Cuobu granite, which has to be younger than Jurassic, was recorded almost exclusively in uranium-rich rims which yielded ages of 26.0-13.7 Ma (average 18.6 ± 2.8 Ma; Aoya et al., 2005) . Analogous zonation is recorded in zircon of the Malashan granite and SHRIMP U-Pb geochronology on zircon suggests the granite has an emplacement age of 18.5-17.2 Ma (average 17.8 ± 1.1 Ma; Aoya et al., 2005) . Muscovite and biotite 40 Ar-39 Ar thermochronology yielded 15.68 ± 0.03 and 15.27 ± 0.06 Ma, respectively, for the Cuobu granite and 15.93 ± 0.04 and 15.50 ± 0.06 Ma, respectively, for the Malashan granite (Aoya et al., 2005) . These age constraints indicate that the Cuobu and Malashan granites intruded into Jurassic Tethyan sediments during the Miocene, and subsequently cooled to Ar thermochronology on muscovite and biotite separated from the Paiku granite were carried out. Although the Paiku granite consists primarily of biotite-free leucogranite, a locally two-mica-bearing portion (sample MSL21; Fig. 2d Table 1 ). The relatively young rims and one uranium-rich core can be interpreted to represent the age of crystallization of zircon from the granitic melt. The high uranium nature of the inclusion-rich rim implies a potential Pb-loss and, therefore, the actual age could be a little older. Combining the young core and rim ages yields an average age of 19.3 ± 3.9 Ma. This suggests that SHRIMP ages for three granites are within error and indistinguishable. However, judging from the well-defined SHRIMP age for the Malashan granite (18.5-17.2 Ma) and intrusion sequence constrained by the strength of D2 deformation which is in the decreasing order of the Malashan, the Paiku and the Cuobu granites, it is likely that the emplacement age of the Paiku and Cuobu granites are somewhat younger than the Malashan granite (e.g. Aoya et al., 2005) .
The core ages range from 982 ± 29 to 248 ± 5 Ma for the Malashan granite, 1723 ± 135 to 298 ± 24 Ma for the Cuobu granite (Aoya et al., 2005) and 2469 ± 115 to 395 ± 33 Ma for the Paiku granite (Fig. 4) . These can be the inherited ages from the protolith of granites.
Biotite from MSL21 yields a flat 40 Ar spectrum (MSWD ¼ 1.34) for the initial seven heating steps with a plateau age of 15.93 ± 0.03 Ma. The final 10% of the spectrum exhibits slightly increasing ages with an associated drop in K/Ca (Fig. 4c) . Muscovite from sample MSL21 yields a flat 40 Ar-39 Ar spectrum for the first 80% of 39 Ar released that yields a plateau age of 15.93 ± 0.04 Ma and an MSWD of 1.15 (Fig. 4d) . Like biotite, this muscovite also yields increasing apparent ages for the final part of the spectrum with associated decreasing K/Ca values. Following McDougall & Harrison (1999) , nominal closure temperature values are assigned as 350 and 400°C for biotite and muscovite respectively. MSL21 muscovite and biotite have identical plateau ages of 15.93 Ma and suggest rapid cooling through 400-350°C. Pb* age for each spot is also shown. Zircon grains were separated using a magnetic separator and heavy liquids. After handpicking and mounting into epoxy, the grains were polished to expose grain cross-sections and both cathode luminescence (CL) and BSE images were obtained. Analytical procedures of the U-Pb spot dating by SHRIMP II at Hiroshima University are described in Sano et al. (2000) . A 1.3 nÅ O 2 primary beam with accelerating voltage of 10 kV was focused to sputter an area with a diameter of approximately 20 lm, and the positive secondary ions were extracted using 10 kV voltage. Numbers written at the sides (01-13) 8 correspond to the grain number of zircon used in Table 1 . Tera-Wasserburg U-Pb concordia diagram for the Paiku granite with 95% confidence limits for the mean. Pb* is a corrected value for radiogenic Pb based on subtracting common Pb from the measured Pb assuming a composition based on the twostage evolution model of Stacey & Kramers (1975 
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CHEMICAL ANALYSES OF METAPELITES
Whole-rock major element compositions of metapelites collected near the granites (Fig. 1b) were determined in order to evaluate the similarity of whole-rock compositions between metapelites, and to utilize the result in determining the appropriate whole-rock composition for pseudosection analyses. They were determined with the Rigaku simultaneous X-ray spectrometer system 3550 at Kyoto University (Goto & Tatsumi, 1994) . Powdered rock samples of metapelites were heated in an electronic furnace at 900°Ci n order to decompose carbonaceous materials such as graphite, and their glass beads were utilized in the XRF analyses. Trace element compositions were determined with a Shimadzu SXF-1200 XRF spectrometer at Nagoya University. The results are summarized in Table 2 .
Mineral compositions were determined by JEOL JXA-8900R at the National Institute of Advanced Industrial Science and Technology (AIST) and at Okayama University of Science (OUS), under 15 kV acceleration voltage, 12 nA probe current and with a beam diameter of 1-4 lm. Natural and synthetic minerals were used as standards. Representative results of mineral analyses are shown in Table 3a for calcareous metasedimentary rocks and skarn, and in Table 3b for metapelites. Ferric iron in garnet was estimated by the method of Droop (1987) . Mineral abbreviations are after Kretz (1983) except for wiluite (Wil).
CALCAREOUS METASEDIMENTARY ROCKS AND SKARNS AROUND GRANITES
Calcareous metasedimentary rocks (samples MSK3 and MSK50) distal to the granites (Fig. 1b) commonly contain pseudomorphs now composed of aggregates of calcite + dolomite (X Mg ¼ 0.83-0.86) + muscovite + quartz (Fig. 5a) , and the matrix is mainly composed of calcite + dolomite + quartz + muscovite ± hematite.
On the other hand, the matrix of calcareous metasedimentary rocks proximal to the granites (samples MSK18, MSK24 and MSK28) (Fig. 1b) is mainly composed of calcite + plagioclase + chlorite (X Mg ¼ 0.72-0.80) ± biotite (X Mg ¼ 0.83-0.85) + quartz ± hematite (Fig. 5b) . Porphyroblasts now composed of aggregates of plagioclase (An36-51) + 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 quartz ± calcite with numerous tiny holes (Fig. 5b, c) are also present in this rock type, and long diameter of the porphyroblasts £5 mm at the contact with the Malashan granite. The composition of plagioclase varies from sample to sample and is intensively chemically-zoned, indicating it formed in the presence of abundant fluid. Calcareous metasedimentary rocks with such porphyroblasts commonly show boudinage structures. Their interboudin partitions are filled with calcite + quartz, which have been interpreted to have formed during the final stages of D2 (Aoya et al., 2006) . Variably thick veins consisting of calcite + quartz are commonly observed within the metasediments around the Malashan pluton. These veins crosscut S1 and are boudinaged or folded by D2 depending on their orientation with respect to the principal axes of D2 strain (Fig. 5d,e) . Therefore, these veins formed after D1 and before the end of D2.
A rare garnet-clinopyroxene skarn, characterized by garnet-rich and garnet-poor layers, was sampled (sample MSW4) from the contact between the Cuobu granite and surrounding metasediments (Figs 1b & 6a) . The garnet-rich layers are composed of garnet (Grs 74)87 Adr 7)17 Alm 5)7 Sps 0)1 ) + clinopyroxene (X Mg ¼ 0.34-0.44) + plagioclase (An44-55) + quartz + calcite. The garnet-rich layers are selectively boudinaged with boudin necks subperpendicular to the D2 stretching lineation ( Fig. 6a ; Aoya et al., 2006) . The interboudin partitions are principally filled with plagioclase with minor calcite (cf. Aoya et al., 2006) . Plagioclase in the boudin necks shows fine-scale chemical zoning from the core (An47) to the rim (An54) (Fig. 6b) . The euhedral nature of the chemical zoning implies growth of plagioclase in a free space, possibly in a fluid. Garnet and clinopyroxene are chemically zoned, and garnet shows particularly fine-scale oscillatory chemical zoning in BSE images (Fig. 6c) . The garnet-poor layers are composed of clinopyroxene + plagioclase + calcite + quartz. Plagioclase porphyroblasts with dusty cores are found in the garnet-poor layers (Fig. 6d) . The core is mainly composed of calcic plagioclase (An83-86) intergrown with less calcic plagioclase (An38-61). The dusty plagioclase is hosted by the matrix plagioclase with fine, intense chemical zoning (Fig. 6d) . Wiluite, which includes clinopyroxene crystals, is found at the boundary between the garnet-rich and garnet-poor layers ( Fig. 6a & Table 3a ). Garnet is locally found growing along the grain boundaries of clinopyroxene + plagioclase dominant parts of the garnet-poor layers.
The systematic change of mineral paragenesis observed in calcareous metasediments as a function of distance from the granites as described above is consistent with the interpretation that metamorphic grade increases with proximity to the granites (cf. Aoya et al., 2006) .
METAPELITES AROUND GRANITES
Weakly metamorphosed sedimentary rocks are found in the south-western part of the studied area, about 8 km distant from the Malashan granite where contact metamorphism is not evident (samples MSK5 and MSK48; Fig. 1b) . In this region, pelitic 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 rocks, primarily composed of muscovite + chlorite (X Mg ¼ 0.44-0.46) + chloritoid (X Mg ¼ 0.09-0.14) + quartz + tourmaline (X Mg ¼ 0.41 at the core, 0.70 at the rim) + graphite, are intercalated with calcareous metasedimentary rocks. The foliation in these rocks is dominantly defined by graphite-rich layers. These rocks will be referred to as the Ôchloritoid zoneÕ rocks hereafter.
Higher grade metapelites with Bt + Ms + Grt ± St ± And + Pl + Qtz + Tur + Gr + Ilm + Ap + Zrn are found in the vicinity of the granites. These rocks will be referred to as the Ôstaurolite zoneÕ rocks 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 hereafter. Seven staurolite-zone pelitic rocks from the vicinity of the granites were examined -three from near the Malashan, two from near the Cuobu and two from near the Paiku granites (Fig. 1b) -and are termed the Malashan metapelites, the Cuobu metapelites and the Paiku metapelites, respectively, in the following text. The staurolite-zone metapelites are aluminous and Fe-rich, with X Mg ranging from 0.20 to 0.30 (Table 3b ). The Al 2 O 3 -FeO-MgO-K 2 O plot of the whole-rock compositions of the andalusite-bearing Cuobu and Paiku metapelites and the andalusite-free Malashan metapelites all fall within And-Ms-Bt-St fields, indicating that the absence of andalusite in the Malashan metapelites (Fig. 1b) is not controlled by the difference in whole-rock composition (Fig. 7) , but reflects the difference in P-T evolution between the Malashan metapelites and the Cuobu and Paiku metapelites. Note that elimination of ÔrelicÕ garnet (see description of metapelites below) from the stable mineral assemblage shifts the effective bulk composition away from garnet towards the And-MsBt-St fields, which is consistent for the interpretation above.
The result of X-ray elemental mapping of garnet from metapelites around the three plutons (e.g. Fig. 8) shows that garnet preserves relatively sharp growthzoning, suggesting that the effect of intracrystal chemical diffusion postdating its formation is negligible.
The Malashan metapelites
The descriptions below focus on three samples -MSW28, MSW9b and MSK20B (Fig. 1) -all associated with the Malashan granite. Andalusite and K-feldspar are not found in any of the Malashan metapelites. The S1 foliation, defined by alignment of muscovite + biotite, is the dominant deformational 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 fabric in sample MSW28 (Figs 1b & 9a) . The S1 foliation is folded by weakly developed D2 folds (F2), and F2 axial planes are weakly developed at high angles to the S1 foliation (Fig. 9a) . Staurolite (X Mg ¼ 0.13-0.14) overgrows both F1 (Fig. 9b,c) and F2 folds. Strain shadows are not developed adjacent to staurolite in the directions of external S1 (Fig. 9b-e) , suggesting that staurolite grew post-D1. The curved internal foliation of staurolite is continuous with the external S1 (Fig. 9d,e) , indicating that the internal fabric is S1. The internal S1 continues outwards into the curved segment folded by F2 at the rim of the staurolite (Fig. 9d,e) . Development of F2 folds is locally hindered by the presence of staurolite (Fig. 9f) , suggesting that staurolite was already present in sample MSW28 when D2 started. These features indicate that growth of staurolite started during a non-deformational period after D1 and continued until syn-D2. Inclusion trails in staurolite are chiefly defined by the alignment of graphite, quartz and tourmaline, and scarce muscovite and biotite.
In contrast to staurolite, garnet (X Mg ¼ 0.05 and X Grs ¼ 0.22 at the core, X Mg ¼ 0.09 and X Grs ¼ 0.08 at the rim, where X Grs ¼ Ca/[Fe + Mn + Mg + Ca]) commonly has strain shadows developed subparallel to S1 (Fig. 9a,g,h) . In addition, hinges of D1 isoclinal folds are locally preserved in strain shadows of garnet (Fig. 9h) . These textures indicate that garnet growth was syn-D1. Mica-rich veins cut S1 and are folded more weakly by the same D1 folds (shown by the arrows in Fig. 9g ) indicating vein emplacement during D1 deformation. The vein is also overgrown by the staurolite (Fig. 9g) . These textures also suggest activity of fluids during D1 deformation. Secondary chlorite (X Mg ¼ 0.43-0.45) overgrows S1 and is commonly formed subparallel to the axial plane of D2 folds (Fig. 9i) suggesting it grew after D1, but by the end of D2.
Sample MSW9b (Fig. 1b) contains abundant tourmaline aligned within S2, but lacks staurolite. The abnormal abundance and intense chemical zoning of tourmaline (Fig. 9j) suggest its formation during the infiltration of boron-bearing fluid (e.g. London & Manning, 1995) . Tourmaline is accompanied by strain shadows that are developed within S2 and is locally boudinaged by D2. This suggests that tourmaline growth was pre-or syn-D2. Garnet rims were locally replaced mainly by muscovite with minor tourmaline, also implying infiltration of a boron-bearing aqueous fluid.
Sample MSK20B (Fig. 1b) possesses a well-developed S2 foliation, defined by alignment of muscovite + biotite (X Mg ¼ 0.46-0.51). Based on inclusion patterns, staurolite (X Mg ¼ 0.13-0.19) has distinct cores and rims. Most of the staurolite rims are inclusion free, and inclusion trails in the core are discontinuous with, and at a high angle to, the external S2 (Fig. 9k) . This observation suggests that the foliation included in the staurolite core is mostly an older S1. However, locally, the inclusion trail in thin rims is continuous with the external S2 (Fig. 9l) , suggesting that the staurolite rim grew syn-S2. Garnet shows textural sector zoning, inclusion trails that are not continuous with the matrix foliation S2, and is commonly accompanied by D2 strain shadows (Fig. 9m) . These observations are consistent with the observation of MSW28 where the garnet growth is deduced to have been syn-D1. Chemical zoning of garnet is Mn-bell shaped with rim-ward decrease in the grossular content (X Grs ¼ 0.20 at the core and 0.08 at the rim) (Fig. 8) , and X Mg value slightly increases from the core (X Mg ¼ 0.05) to the rim (X Mg ¼ 0.11). Plagioclase in the matrix has the composition of An33-38.
The Cuobu metapelites
The Cuobu metapelite samples were collected from boulders in the vicinity of the granite body. Two samples, MSA5a and MSA5b, are described below. Foliation within the metapelite is defined by the alignment of muscovite + biotite (X Mg ¼ 0.40-0.42). Inclusion trails in staurolite (X Mg ¼ 0.12-0.15) indicate distinct cores and rims. Trails exposed within the rim are developed subparallel to and continuous with the external matrix foliation, whereas those at the core define nearly straight lines and are at high angle to the rim inclusion trails. These microstructures are compatible with the deformation-growth relationships derived from the Malashan and Paiku samples if the external foliation is S2 and the internal straight foliation is S1. Therefore, it is concluded that the main foliation developed in MSA5a and MSA5b is S2.
Staurolite (X Mg ¼ 0.13) is rarely included in the garnet rim (Fig. 10a) . The chemical composition of the included staurolite resembles that of staurolite core in the rock matrix (Fig. 11) , suggesting that garnet growth and entrapment of the staurolite inclusion probably occurred before staurolite-rim formation, that is, before D2. Therefore, we conclude that growth of garnet continued during a non-deformational period between D1 and D2 in the Cuobu metapelites. Garnet is commonly texturally sectorzoned in the core and replaced by biotite and plagioclase at the rim. These features make it difficult to constrain the timing of garnet formation. Where observable, inclusion trails in the garnet rim are not continuous with the matrix foliation. Chemical zoning of garnet is Mn-bell shaped with rim-ward decrease in grossular content (X Grs ¼ 0.21 at the core and 0.09 at the rim) and rim-ward increase in X Mg value (0.05-0.11).
Andalusite is present as porphyroblasts, a replacement of staurolite and biotite, and as a replacement of mica-rich layers. Porphyroblasts of andalusite, or type I andalusite, contain cores that commonly show sectorzoning represented by the concentration of inclusion minerals at the sector boundaries. These inclusion trails curve at the rim and locally continue into external S2 (Fig. 10b) , implying growth of andalusite rim during D2.
Type II andalusite, along with biotite, replaces part of staurolite. In the case of the Cuobu metapelites, both the type II andalusite and fine-grained biotite grains that replace staurolite are randomly-oriented. Biotite is much more abundant in andalusite than in the staurolite (Fig. 10c) , indicating that andalusite + biotite are the product of staurolite breakdown. The composition of relic staurolite inclusions in andalusite yields lower X Mg and higher Ti than matrix staurolite (Fig. 11) . Randomly oriented biotite implies that both growth of biotite and andalusite II are post-D2.
Type III andalusite selectively replaces mica-rich layers; biotite grains that define S2 remain in the andalusite and are continuous with the matrix foliation (Fig. 10d) . Muscovite was not observed within type III andalusite. These microstructures suggest that formation of type III andalusite occurred simultaneously with or after D2 by consuming muscovite.
Plagioclase porphyroblasts have dusty inclusion-rich cores and inclusion-poor rims. The straight inclusion trails at the core are at high angle to, and discontinuous with, the external S2 (Fig. 10e) , suggesting that the core inclusion trails represent an S1 foliation and that the core formed during a non-deformational period between D1 and D2. Such plagioclase porphyroblasts display D2 strain shadows. In addition, there is an increase in anorthite content from the core (An33-36) to the rim (An39-40). Smaller matrix plagioclase grains also show an increase in anorthite content from An46 at the core to An50 at the rim (Fig. 10e) .
Biotite exhibits an inclusion-rich core and inclusion-poor rim. The straight inclusion trails at the core are at high angle to, and discontinuous with, the external S2 (Fig. 10f) , suggesting that the straight inclusion trail is a S1 foliation and the biotite core formed during a non-deformational period between D1 and D2. K-feldspar is absent. Tourmaline (X Mg ¼ 0.42-0.64) is found in the matrix aligned along S2 or as inclusions in andalusite, staurolite, biotite and plagioclase.
The Paiku metapelites
Four metapelite samples, MSL02-20 and MSW20a, b and c, were collected adjacent to the Paiku granite. These four samples are all from the same locality and show similar features.
Inclusion trails in garnet porphyroblasts are commonly discontinuous with the external matrix S2 foliation. Garnet is commonly texturally sector-zoned in the core, and chemical zoning is Mn-bell shaped with a rim-ward decrease in grossular content (X Grs ¼ 0.14 at the core and 0.11 at the rim) and a rim-ward increase in X Mg value (0.06-0.08).
Some staurolite grains show two stages of discontinuous inclusion trails defining a core and a thin rim, whereas other grains only show one stage, with no rim 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 developed. In some of the staurolite grains, the inclusion trails in the rim are continuous with matrix S2 foliation. These grains also display D2 strain shadows. These textures are interpreted as indicating that the staurolite rim grew during D2 (Fig. 15) . 2
Locally staurolite grains are partially replaced by andalusite + biotite similar to the observations in the Cuobu metapelites.
Andalusite is found as porphyroblasts (andalusite I), replacing part of staurolite (andalusite II) or selectively replacing mica-rich layers (andalusite III). Porphyroblastic andalusite I is locally boudinaged along S2 (Aoya et al., 2006;  Fig. 12a-c) , indicating that the formation of this type of andalusite occurred before the cessation of D2. Such deformed andalusite grains do not include randomly oriented biotite grains. In addition, microtextures suggest a genetic relationship between the different types of andalusite (Fig. 12) . Staurolite adjacent to andalusite I is replaced by andalusite II + biotite intergrowth and, importantly, andalusite I and II exhibit simultaneous extinction (Fig. 12a,b) ; that is, the rims of andalusite I and II are continuous. Andalusite I rims also show syn-D2 deformation tails (Fig. 12a,c) . These observations suggested that andalusite II grew simultaneously with the rim of andalusite I during D2. This interpretation is further supported by the microstructure shown in Fig. 12c . Here, andalusite II + biotite intergrowth is developed in between staurolite and andalusite I, forming part of a pullapart structure. This texture shows that andalusite II + biotite intergrowth was formed during the final stage of growth of andalusite I during D2 deformation. Matrix andalusite III includes ÔpatchyÕ biotite crystals (Fig. 12d,e) , a texture not found in the matrix biotite (Fig. 12e) . This patchy texture closely resembles the andalusite II + biotite intergrowth pattern and possibly the replacement product after staurolite. As we interpreted the formation of andalusite III in the Cuobu metapelites, Paiku andalusite III grew simultaneously with or after D2 by consuming muscovite (Fig. 12e) . Based on our observations of andalusite in the Cuobu and Paiku metapelites, the striking difference between the two regions is that there is a genetic relationship between different types of andalusite in the Paiku metapelites.
Some large biotite grains in the matrix have straight inclusion trails of S1 within the core. The inclusion trails curve at the rim are locally continuous with the matrix S2. These textures indicate that the biotite core grew during a non-deformational period between D1 and D2, and the rim grew during D2 (Fig. 12e) .
Plagioclase porphyroblasts have dusty inclusion-rich cores and inclusion-poor rims, and display D2 strain shadows. The core includes straight inclusion trails (the S1 foliation) that are at a high angle to, and discontinuous with, the external S2. We suggest, there- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 fore, that the plagioclase core formed during a nondeformational period between D1 and D2. Plagioclase shows an increase in anorthite content from An32-35 in the core to An38-40 in the rim. Ilmenite locally includes chlorite and quartz.
PRESSURE-TEMPERATURE HISTORY OF THE MALASHAN METAPELITES
Petrographic recognition of episodic emplacement of three granites
The timing of mineral growth relative to the two deformational stages, D1 and D2, as constrained from the microstructural observations is summarized in Fig. 15 . Because of the development of textural sector zoning in garnet cores and retrograde replacement of garnet rims, it is difficult to constrain the relative timing of garnet growth. The growth of garnet before the non-deformational period between D1 and D2 is obvious from the observation of MSW28 for the Malashan metapelite. However, the presence of staurolite inclusions in the garnet rim and similarity of its composition with that of staurolite core strongly support post-D1 to pre-D2 growth of the garnet rim in the Cuobu metapelite.
In spite of the difficulty in strictly constraining the growth timing of garnet, three distinct metamorphic stages can be defined in terms of mineral paragenesis, using staurolite and andalusite as index minerals: (I) staurolite-absent, (II) staurolite-present and andalusiteabsent and (III) andalusite-present stages (Fig. 15) .
The fact that andalusite is observed only in the areas adjacent to the Paiku and Cuobu granites and not in the vicinity of the Malashan granite (Fig. 1b) , in spite of the similarity of the whole-rock compositions of metapelites around the three granites (Fig. 7) , indicates that the andalusite formation can be attributed to the localized contact metamorphism caused by intrusion of the Paiku and Cuobu granites (Table 3) . The andalusite-forming stage in the Cuobu and Paiku metapelites corresponds to the chlorite forming state in the Malashan metapelites (Figs 9i & 15) , indicating that a drop in temperature occurred at this stage in the Malashan metapelites (Fig. 13) .
It can further be deduced that metamorphism associated with the earlier emplacement of the Malashan granite would be characterized by the formation of the staurolite whose growth occurred post-D1 to syn-D2 (Fig. 15) . The cores of the biotite (Fig. 10f) and plagioclase porphyroblasts (Fig. 10e) also grew mainly at this stage.
Pressure-temperature estimation of the non-deformational stage between D1 and D2
Our textural and petrographic observations suggest that in the Cuobu metapelites the cores of plagioclase and biotite, the rim of garnet, and muscovite coexisted during a non-deformational stage between D1 and D2. Muscovite does not show evidence for twostage growth and is compositionally homogeneous. In the Malashan metapelites, garnet grew pre-to syn-D1 and these four metamorphic minerals did not coexist (Fig. 15) . In the Paiku metapelites, these four metamorphic minerals appear to have coexisted, but the evidence is equivocal. Therefore, only the plagioclasebiotite-garnet-muscovite (PBGM) geothermobarometers (Ghent & Stout, 1981) were applied to the Cuobu metapelites to estimate the P-T conditions of the non-deformational stage between D1 and D2 and adjacent to the Malashan granite (Fig. 15) . Utilizing garnet rims, plagioclase cores, matrix biotite cores and matrix muscovite compositions in sample MSA5a yields a P-T estimate of 4.8 ± 0.8 kbar at 550 ± 50°C.
Pressure-temperature estimation of syn-to post-D2 stage
The P-T conditions of emplacement of the Paiku and Cuobu granites are constrained utilizing reaction textures and mineral assemblages (Fig. 13) . In the skarn from the Malashan dome, wollastonite is not found and grossular-rich garnet + calcite + quartz are stable. Therefore, the metamorphic conditions of the whole Malashan dome did not exceed the P-T conditions for the reaction (Fig. 13a )
and
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In the Cuobu and Paiku metapelites, syn-D2 andalusite porphyroblasts (andalusite I) are found. Because the muscovite + quartz assemblage is stable and K-feldspar and sillimanite are absent in those metapelites, they did not exceed the P-T conditions for the reaction (Fig. 13a )
Because staurolite is partly replaced by andalusite II + biotite, and such andalusite crystals do not commonly include muscovite in spite of its abundance in the matrix, the continuous reaction
explains formation of andalusite II. The observation that relic staurolite found in andalusite II represents lower X Mg value than the matrix staurolite is consistent with an increase in temperature associated with reaction (4). Reaction (4) is post-D2 in the Cuobu metapelites because andalusite II + biotite are not deformed by D2, but is syn-D2 in Paiku metapelites because andalusite II + biotite define syn-D2 pull-apart structures (Fig. 12c) . The formation reactions for andalusites I and III are the same as that for andalusite II, because the rim of andalusite I grew almost simultaneously with andalusite II, and because andalusite III locally includes patchy biotite crystals probably after staurolite. The P-T conditions for reaction (4) are approximately 3.1-3.4 kbar and 530-540°C, based on the P-T pseudosection in the KFMASH system for the Bushveld Complex aureole (Waters & Lovegrove, 2002; Fig. 13b The pseudosection of Waters & Lovegrove (2002) also predicts, when extrapolated to a higher-pressure P-T field, the mineral assemblage staurolite + biotite + muscovite + plagioclase + quartz at 4.8 kbar and 560-610°C. This mineral assemblage is observed in the Cuobu metapelite of non-deformational stage, although garnet is also present in the Cuobu metapelite. Garnet cannot be appropriately modelled by the KFMASH system, but it can be stabilized by the addition of Mn to the system at the P-T conditions mentioned above. In addition, the stability field of staurolite + biotite can be enlarged by taking into account the effect of Zn and Cr contained in natural staurolite. Therefore, the mineral assemblage predicted in the pseudosection of Waters & Lovegrove (2002) and the result of P-T estimates of non-deformational stage estimated by PBGM geothermobarometers (4.8 ± 0.8 kbar at 550 ± 50°C) do not conflict with each other if the effects of minor components are taken into account. Combining the two P-T estimates, 4.8 ± 0.8 kbar at 550 ± 50°C for the non-deformational stage between D1 and D2 and 3.1-3.4 kbar at 530-540°C for the syn-to post-D2 stage, defines a nearly isothermal decompression path for the Cuobu metapelites if the aluminosilicate diagram of Holdaway (1971) is used (Fig. 13) . A recent study using primary melt inclusions in andalusite (Cesare et al., 2003) suggests a higher aluminosilicate P-T triple point such as that suggested by Pattison (1992) . If the triple point of Pattison (1992) is used, then the P-T estimates are 3.1-4.1 kbar at 530-575°C for the post-D2 stage. In this case, a pressure difference between the two stages may not exist and andalusite formed as a consequence of isobaric heating. Fig. 13 . P-T conditions for the metapelites from the Malashan area based upon microstructural and geothermobarometric studies. (a) P-T conditions for reactions (2) and (3). Reaction (1) is largely controlled by X CO 2 of coexisting fluid and thus not shown in this figure. Reaction (2) is from Newton (1966) and Boettcher (1970) , reaction (3) is from Pattison & Vogl (2005) . (b) The psudosection is from Waters & Lovegrove (2002) . The star represents the P-T estimate for the nondeformational stage preserved in Cuobu metapelites using the PBGM geothermobarometry. The black dashed line shows the aluminosilicate stability fields of Pattison (1992) and the grey dashed line is that of Holdaway (1971) .
DISCUSSION
Origin of Tertiary granites in the Malashan area
Combining our geochronological data on the Paiku granite with the geochronological results of Aoya et al. (2005 Aoya et al. ( , 2006 shows that all three granites in the Malashan dome are early Miocene intrusions with slightly different emplacement and cooling ages. These results support the interpretation of Watts et al. (2005) that there is a systematic westward increase in the ÔTertiary graniteÕ component within the NHGD. Aoya et al. (2006) pointed out the similarity in whole-rock composition of the Malashan and Cuobu granites with other North Himalayan granites, including Kangmar dome, and the similarity of Paiku granite with the High Himalayan leucogranites (HHL). However, they treat the Cenozoic granites and the Kangmar gneiss as ÔNorth Himalayan granitesÕ. Although it is possible that future zircon-rim SHRIMP geochronology of the Kangmar gneiss may yield younger ages, based on the results of Scha¨rer et al. (1986) and Lee et al. (2000) , the Kangmar gneiss is considered to be Cambrian by most workers. In this study, we follow the generally accepted division to investigate the affinities of the three granites in the Malashan area.
In a crustal environment, accessory minerals are an important sink for most trace elements. The sluggish nature of their dissolution in the melt together with fast extraction of the melt from the protolith may result in the formation of Ôdisequilibrium meltÕ (Watt & Harley, 1993 3 ). However, Rb, Sr and Ba reside predominantly in major minerals such as mica and feldspar in the granitic system and thus are more likely to attain equilibrium. Hence, they are appropriate for modelling melt compositions produced by the micabearing melt reactions (Harris & Inger, 1992) . Figure  14 is the Ba-Rb/Sr plot of granites and metapelites from the Malashan area, other NHGD, HHL and High Himalayan Crystalline Sequence (HHCS). Metapelites in the Malashan dome plot at the highest Ba and lowest Rb/Sr edge of the trend defined by all of the data plotted, and plot similar to the field defined by the HHCS. Under the assumption that the protolith of the Malashan dome granites resembles the Malashan metapelites or the HHCS, the magma-protolith relation on the Ba-Rb/Sr plot (Fig. 14) is useful in constraining what kind of mica-related melting reaction is plausible for the Malashan dome granites. The Harker diagrams (Aoya et al., 2006) and Ba-Rb/Sr plot show that the Paiku granite resembles the Cenozoic Mabja granite (Zhang et al., 2004) , and both of them plot within the compositional field of the HHL. The Malashan and Cuobu granites both show similar chemical composition with other Cenozoic North Himalayan granites (e.g. Debon et al., 1986) . Isotopic studies are compatible with the Tertiary granites of the NHGD being generated by mica dehydration reactions from a source identical to that of the HHL (Zhang et al., 2004) . Although isotopic data are not available from the Malashan area, the similarity of major and trace element compositions with isotopically wellcharacterized Tertiary granites implies that the Malashan granite also formed through mica dehydration reactions. It is significant that in the Ba-Rb/Sr plot, the Paiku granite plots on the negative correlation trend defined by the HHL, suggesting that vapour-absent muscovite melting (Inger & Harris, 1993; Zhang et al., 2004) played a key role in producing the Paiku granite. The Malashan and Cuobu granites plot on the highest Ba part of the same compositional trend, where the metapelites from the High Himalayan Crystalline Series (HHCS) and the Malashan area are plotted (Fig. 14) . Therefore, it is difficult to constrain the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 modes of mica-related melting reaction of the Malashan and Cuobu granites from the Ba-Rb/Sr plot.
Age constraints on shallow extensional tectonics within the hangingwall to the STDS The Tethyan Himalayan region between the STDS and the Yarlang Tsangpo suture zone is occupied by a series of deformed and partly metamorphosed sediments ranging in age from Ordovician to Eocene from south to north (Burchfiel et al., 1992) . Despite the strong deformation, the stratigraphic level is a useful proxy for structural level (Aoya et al., 2006) . This is confirmed by the association of the Kangmar Dome with Palaeozoic metasediments and kyanite-stable metamorphism in contrast to the association of the Malashan Dome with Jurassic age metasediments and andalusite-stable metamorphism. The NHGD are located 50-60 km north of the STDS. Estimates of metamorphic pressures in these regions suggest that synmetamorphic D2 deformation took place at depths of 30-40 km (Lee et al., 2000 (Lee et al., , 2004 Quigley et al., 2006) . Directly linking D2 in these regions with the STDS implies a dip of around 30°; rather shallow for a normal fault. To extrapolate this link into the much shallower level D2 of the Malashan Dome requires not only a very gentle north dip but also a first order change in structural level along strike. Lateral changes in structural level of major continental detachments of 1 km scale have been reported (Lee et al., 1999) , but changes in excess of 10 km seem unlikely. We suggest that D2 deformation which affects the Malashan metasediments is related to but occurred at a distinct structural level to the D2 deformation documented in other domes. This is important in discussing the extent to which the Tethyan Himalayan region can be treated as a rigid lid to a mobile mid to lower crust Aoya et al., 2005) .
The metamorphism documented in this contribution is important to constrain P-T conditions during the phase of D2 ductile extension. This information can in turn be used in conjunction with geochronology to constrain the timing of extension. The pressure estimates for the non-deformational and syn-to post-D2 stages are 4.8 ± 0.8 kbar ( ¼ 17.8 ± 3.0 km) and 3.1-4.1 kbar (¼11.5-15.2 km) respectively (Fig. 13) . The pressure estimate for the syn-to post D2 metamorphism indicates that D2 deformation occurred at middle to upper crustal depths. This estimate for the depth of D2 deformation is relatively shallow compared to the other domes (cf. Chen et al., 1990; Lee et al., 2000 Lee et al., , 2004 Lee et al., , 2006 Quigley et al., 2006) . The D2 deformation initiated after intrusion of the Malashan granite (17.8 ± 1.1 Ma; Aoya et al., 2005) and appears to have ceased before formation of andalusite II and III in the Cuobu metapelites (Figs 10c, d & 15) . As formation of the andalusite occurred well above the 40 Ar closure temperature for muscovite (Fig. 13) (Aoya et al., 2005) . The fact that metasediments surrounding the Malashan granite are mainly calcareous and contain abundant calcite could have been an important factor that facilitated the intense ductile deformation during D2 at around 500-600°C in the Malashan dome. The onset of D2 may have triggered the intrusion of the Paiku and Cuobu granites (Aoya et al., 2005) , mainly driven by extensional thinning of the overlying crust and by the buoyancy of the granites.
Effect of fluid activity at the granite intrusion front
In addition to the thermal effect of the granite intrusions, the presence of deformed calcite + quartz dykes that were formed during D1 until the end of D2 ( Fig. 5d ; Aoya et al., 2006) suggests that intense dyking caused by the activity of fluid at the granite intrusion front may also have played a role in weakening the upper crust. The presence of interstitial water in the calcite rocks is not significant at higher temperatures (Rutter, 1974) . However, when significant pore pressures are developed inside the rock under undrained conditions, the rock becomes weak under shear stress and can fail by brittle faulting, even at elevated temperature (Rutter & Brodie, 1995) . Common and widespread distribution of calcareous metasedimentary rocks accompanied by abundant calcite + quartz veins around the Malashan granite suggests that a fluid phase was available around the granite body. These veins cut S1 and are boudinaged or folded by D2 depending on the orientation of the veins (Fig. 5d,e) . Hence, vein formation began syn-D1 deformation ( Fig. 9c) and continued until the final stage of D2 deformation ( Fig. 6a ; Aoya et al., 2006) . This syn-D1 to final stage of D2 fluid activity is nearly synchronous with that of the granite intrusions (Table 3 ). The fluid also permeated into grain boundaries of calcareous metasedimentary rocks as suggested by the replacement of former porphyroblasts, whose identity is unknown, by plagioclase + quartz ± calcite aggregates. Availability of such fluids during contact metamorphism may have weakened the crust surrounding the granitic body through formation of dykes that provided the vertical pathways of granitic magmas, as well as pathways for the vertical fluid flow that could transport the heat effectively, resulting in thermal weakening of the overlying crust. The potential sources of the fluids were (i) the cooling granite magma and (ii) dehydration of pelites and decarbonation of calcareous sediments during the prograde contact metamorphism. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 Judging from the fact that the unknown porphyroblasts, replaced by plagioclase + quartz ± calcite, are found at least 5 km away from the Malashan pluton, and taking into account the average dip (30°) of the D2 foliation that is parallel to the granite/metasediment contact, the thickness of the metasediments that are affected by this weakening process may exceed 3 km (equivalent of about 0.8 kbar).
